Background: Alterations in γ-aminobutyric acid (GABA) have been hypothesized to play a role in the pathogenesis of psychiatric illness. Our previous work has specifically linked anterior cingulate cortex (ACC) GABA deficits with anhedonia in youth with major depressive disorder (MDD). As anhedonia reflects alterations within the reward circuitry, we sought to extend this investigation and examine GABA levels in another key rewardrelated region, the striatum, in the same adolescent population. Methods: Thirty-six youth [20 with MDD and 16 healthy controls; (HC)], ages 12 to 21 years old, underwent Jedited proton magnetic resonance spectroscopy ( 1 H MRS) whereby GABA levels were measured in striatal and ACC voxels. GABA levels were compared between groups and between voxel positions and were examined in relation to clinical symptomatology, such as depression severity, anhedonia, anxiety, and suicidality. Results: Depressed youth had unexpectedly higher GABA levels in the striatum compared to HC. In both depressed and healthy youth, GABA levels were higher in the striatum than in the ACC, while the differences in depressed youth were greater. Moreover, in depressed youth, higher striatal GABA above the mean of HCs was correlated with lower ACC GABA below the mean of HCs. Striatal GABA was not correlated with clinical symptomatology in this small sample. Conclusions: Together, these findings suggest that higher striatal GABA levels may serve some compensatory function as a result of lower ACC GABA in depressed adolescents. It is also possible that, like lower ACC GABA, higher striatal GABA might simply be another pathological feature of adolescent depression.
Introduction
Dysfunction in γ-aminobutyric acid (GABA), the main inhibitory neurotransmitter in the brain, has been increasingly reported across psychiatric disorders (Bustillo, 2013; Chiapponi et al., 2016; Iorfino et al., 2016; Schur et al., 2016) . Converging evidence in adult (Abdallah et al., 2015; Hasler et al., 2007; Price et al., 2009; Sanacora et al., 2004 Sanacora et al., , 1999 and adolescent (Gabbay et al., 2017 (Gabbay et al., , 2012 clinical populations has implicated alterations in GABA in the development of major depressive disorder (MDD). Our work has specifically focused on adolescents with MDD in order to assess neurobiological contributors early on in illness during a critical developmental period when many psychiatric conditions first occur (Kessler et al., 2005) .
In a recent publication (Gabbay et al., 2017) , we confirmed our previous finding of lower anterior cingulate cortex (ACC) GABA levels in psychotropic medication-free youth with MDD compared to healthy controls [HC; (Gabbay et al., 2012) ]. Importantly, GABA levels were only lower in depressed youth categorized as anhedonic, which reflects deficits in reward processes. Furthermore, across all depressed participants, anhedonia severity was negatively correlated with ACC GABA levels, thus implicating lower ACC GABA in the phenomenology of anhedonia in depressed youth. Multiple reviews have implicated dysfunction within the broader reward network in the phenomenology of anhedonia in support of our laboratory's work (Heshmati and Russo, 2015; Hulvershorn et al., 2011) . In our previous investigations of adolescents with MDD, we focused specifically on the ACC due to this prefrontal region's role in reward processing (Der-Avakian and Markou, 2012; Haber, 2011; Heshmati and Russo, 2015) . However, the reward network is generally acknowledged as being comprised of cortico-striatal regions, including the orbitofrontal cortex, ACC, striatum (caudate, putamen), ventral striatum (nucleus accumbens), ventral pallidum, and midbrain dopamine neurons (Haber, 2011) . As anhedonia reflects alterations within this reward network (Der-Avakian and Markou, 2012; Heshmati and Russo, 2015) , we chose to examine GABA in regions primary to reward function. As an extension of our previous investigations in depressed youth (Gabbay et al., 2012 (Gabbay et al., , 2017 , here we aimed to further investigate GABA alterations in the striatum, another core region within the reward network.
To date, all studies of GABA levels in mood disorders have focused on cortical regions, such as the prefrontal and occipital cortex (Schur et al., 2016) . There have been no investigations of striatal GABA in adolescents with MDD, likely due to the challenge of achieving high quality proton magnetic resonance spectroscopy ( 1 H MRS) data from this subcortical region (Quetscher et al., 2015) . The striatum has been shown to be inextricably linked to reward function and is known to play a role in the pathophysiology of mood disorders (Marchand and Yurgelun-Todd, 2010) . Additionally, psychiatric studies have shown opposing findings of neurochemical levels between subcortical and cortical regions. For example, studies of dopamine levels in schizophrenia have indicated increased levels of dopamine in the striatum but decreased levels in the prefrontal cortex (Brisch et al., 2014) , further highlighting the importance of examining neurochemical levels across entire functional networks. Therefore, given the paucity of research investigating GABA levels in subcortical reward-related regions in relation to clinical symptomatology such as anhedonia in adolescent depression, we sought to address this gap. Based on our prior findings of lower ACC GABA levels in depressed youth (Gabbay et al., 2012 (Gabbay et al., , 2017 , we hypothesized that GABA levels would be similarly lower in the striatum of depressed youth, with GABA levels inversely correlated with anhedonia severity. Additionally, since our sample overlapped with those from our previous investigations of ACC GABA, we also explored regional differences in GABA levels between the ACC and striatum in the depressed and HC participants-a topic which has not been previously examined in this clinical population.
Materials and methods

Participants and procedure
Thirty-six participants completed the study, 20 with MDD, and 16 healthy controls (HC). Participants underwent a clinical evaluation using the Kiddie Schedule for Affective Disorders-Present and Lifetime Version [KSADS-PL; (Kaufman et al., 1997) ], along with a comprehensive battery of clinical assessments and a magnetic resonance imaging (MRI) scan, including structural MRI and striatal GABA MRS. All 36 participants also completed an ACC GABA MRS scan, of which the data have been previously published (Gabbay et al., 2017) . Participants who were 18 years of age or older provided informed consent prior to beginning study procedures, while those under 18 provided assent, with a parent or guardian providing informed consent. Institutional review boards at all participating institutions approved the study protocol.
Inclusion and exclusion criteria
All participants were youth between the ages of 12 and 21 years old. Participants were required to have an intelligence quotient (IQ) of at least 80 on the Kaufman Brief Intelligence Test (Kaufman and Kaufman, 1990) and could not have a significant medical, neurological, or neurodevelopmental disorder. All participants were given a standard MRI safety-screening questionnaire, and participants with MRI contraindications were excluded. Furthermore, pregnancy in females and current drug use, as assessed by a urine toxicology test, in any participant on the day of the scan, were also exclusionary.
For inclusion in the MDD group, participants were required to meet Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition-Text Revision [DSM-IV-TR; (APA, 2000) ] criteria for MDD, with a current episode duration of at least 8 weeks, and a depression severity score of at least 35 on the Children's Depression Rating Scale-Revised [CDRS-R; (Poznanski and Mokros, 1996) ]. Due to the inherent heterogeneity of MDD in youth, comorbid diagnoses of attention-deficit/hyperactivity disorder (ADHD) and anxiety disorders were not exclusionary, so as to be representative of the disorder as it generally presents in an adolescent sample. However, diagnoses of psychosis, bipolar disorder, pervasive development disorder, eating disorders, a current substance abuse disorder, or active suicidality requiring immediate medical attention were exclusionary. Additionally, participants with MDD were required to be either medication-naïve or medication-free for at least seven half-lives of the medication. The HC group could not meet criteria for any current or past DSM-IV-TR disorder and had to be psychotropic medication-naïve.
Clinical assessment instruments
Participants were all evaluated using the KSADS-PL, a clinical assessment validated for use in adolescents up to age 17 (Kaufman et al., 1997) . The KSADS-PL was used for all youth in the study, even though the sample extended up to 21 years old, to maintain continuity of assessment and in light of the rather vague and debated definition of the age range of "adolescence" in psychiatric research. A board-certified child/adolescent psychiatrist or licensed clinical psychologist trained in administering the KSADS-PL carried out the diagnostic evaluations. The final clinical report was discussed between the Primary Investigator (a licensed child/adolescent psychiatrist with expertise in adolescent depression) and the assessor to ensure consistency and diagnostic accuracy. A battery of clinical assessments was also given, including the Children's Depression Rating Scale-Revised [CDRS-R; (Poznanski et al., 1984 (Poznanski et al., , 1985 Poznanski and Mokros, 1996) ], the Beck Depression Inventory [BDI; (Beck et al., 1961 (Beck et al., , 1988 (Beck et al., , 1997 ], the Multidimensional Anxiety Scale for Children [MASC; (March et al., 1997) ], and the Beck Scale for Suicidal Ideation [BSSI; (Beck et al., 1979) ].
Anhedonia severity was quantified by combining the anhedoniaspecific items from the clinician-rated CDRS-R and the self-rated BDI. Specifically, the "difficulty having fun" item on the CDRS-R, and the "loss of interest" and "loss of pleasure" items on the BDI were summed after converting items to be rated on the same scale, as has been done in our previous investigations (Gabbay et al., 2012 (Gabbay et al., , 2017 .
Neuroimaging data acquisition and analysis
Structural MRI
Imaging data was acquired using a 3.0 Tesla MRI system (Excite HD, General Electric) with an 8-channel phased-array head coil. Standard high-resolution axial, coronal, and sagittal T1-, T2-, and spin densityweighted scans were collected in order to prescribe the 1 H MRS voxels of interest (VOI) in the left striatum and ACC. T1-weighted spoiled gradient-recalled echo (SPGR) volumetric images with the following parameters were also collected for brain tissue segmentation (repetition time [TR] = 30 ms; echo time = 8 ms; flip angle = 45 degrees; field-ofview [FOV] = 24 cm; matrix = 256 × 256; thickness = 1.5 mm; 124 coronal slices). Lastly, an axial fast fluid-attenuated inversion recovery (FLAIR) scan was acquired to rule out brain lesions, which were exclusionary. Full imaging parameters and procedures have been described in detail previously (Gabbay et al., 2012 (Gabbay et al., , 2017 .
1 H MRS
As with our prior studies, a standard J-edited MEGA-PRESS sequence (Rothman et al., 1993) was used to acquire the GABA-edited 1 H MRS data, with the same acquisition parameters and processing steps as previously implemented (Freed et al., 2016; Gabbay et al., 2012 Gabbay et al., , 2017 K.A. Bradley et al. Progress in Neuropsychopharmacology & Biological Psychiatry 86 (2018 ) 203-210 Shungu et al., 2016 . Spectra were recorded from a 1.5 × 2.0 × 3.0 cm 3 left striatal VOI and a 2.5 × 2.5 × 3.0 cm 3 VOI in the ACC. MRS data quality assessment procedures are provided in . Metabolite peak areas proportional to the concentrations of the associated metabolites were obtained for cases that met quality assessment criteria. The GABA resonance and the co-edited Glx (i.e., glutamate and glutamine) resonance in the J-edited difference spectra were modeled as a linear combination of pseudo-Voigt line-shape functions and fitted in the frequency domain using a public-domain Levenberg-Marquardt nonlinear least-squares minimization routine (Markwardt et al., 2009 ).
The final GABA and Glx levels were expressed as ratios (GABA/W or Glx/W) of the peak neurometabolite area relative to the area of the unsuppressed voxel tissue water signal (W).
Voxel tissue heterogeneity variables
Due to potential differences in the GABA and Glx signals between brain tissue types (e.g., gray matter and white matter), volumetric structural MRI-based tissue segmentation was conducted using MEDx software (Medical Numerics, Germantown, MD), and relationships between tissue variables and neurometabolites were explored. From each participant's T1-weighted SPGR volumetric scan, brain tissue was segmented based on the signal-intensity histogram and estimates of the proportions of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) in each striatal voxel of interest were made; a segmentation mask of each striatal voxel was created from the histogram using inhouse software developed in MATLAB (MathWorks, Natick, MA). Voxel tissue heterogeneity was then compared between groups, and tissue variables showing significant differences between groups or specific correlations with neurometabolites were included as covariates in the appropriate statistical models.
Statistical analyses
Analyses were conducted using SPSS Statistics, version 23 (IBM Corp., Armonk, NY). All variables were examined using descriptive statistics. Normality was assessed via the Shapiro-Wilk test. Groups (i.e., HC and MDD) were compared on normally distributed demographic and clinical variables using independent samples t-tests. When data were not normally distributed, nonparametric alternatives were utilized such as the Mann-Whitney U test. Group differences in voxel tissue heterogeneity variables (i.e., W, GM, WM, and CSF) were assessed using analysis of covariance (ANCOVA), controlling for age and sex, as these factors have been shown to affect brain tissue makeup (De Bellis et al., 2001) .
Striatal GABA and Glx levels were compared between MDD and HC groups using independent samples t-tests or ANCOVA models. For group comparison models, relationships between GABA and Glx and demographic and voxel tissue variables were examined. Only variables that were significantly correlated (p < .05) with or showed differences with GABA or Glx were included as covariates in ANCOVA models that compared neurometabolites between groups. Additionally, due to potential neuroendocrine variation in the sample, all group comparisons of GABA and Glx explored Tanner stage as a covariate. Finally, as a post-hoc analysis, a mixed model ANCOVA was used to compare striatal GABA and ACC GABA levels in youth with MDD and HC, controlling for GM%, given the inherent differences in tissue makeup of the ACC and striatum.
Relationships between clinical variables (i.e., depression severity, anhedonia, anxiety, and suicidality) and striatal GABA and Glx in the group with MDD were examined using correlations; Pearson's ("r") correlations (two-tailed) were used when data was normally distributed, whereas Spearman's rank-order ("rho" or "ρ") correlations (two-tailed) were used when data was not normally distributed. Partial Pearson's or Spearman's rank-order correlations were also conducted between anhedonia and GABA, controlling for depression severity, and between depression severity and GABA, controlling for anhedonia.
For all analyses, significance was defined as p < .05.
Results
Demographic and clinical characteristics
There were no significant differences between the MDD and HC groups in age [t(34) = 0.08, p = .94], sex [Χ 2 (1) = 0.36, p = .55], or ; t(34) = −3.81, p = .001; Table 3 ; Fig. 1 ]. Despite the lack of correlation between age and striatal GABA (see Section 3.1 above), an additional ANCOVA, including age as a covariate, was explored to compare striatal GABA levels between groups due to the wide age range of the sample. When controlling for age, results were unchanged, with striatal GABA significantly higher in the MDD group [F(1,33) 
Striatal and ACC GABA comparisons between groups (MDD, HC)
A mixed model ANCOVA compared GABA levels across regions (striatum, ACC) and groups (MDD, HC) ; the difference in GM% between the ACC and striatum was included as a covariate due to the different tissue makeups of each of these regions. The interaction between group (MDD, HC) and region (striatum, ACC) was significant [F (1,33) = 15.17, p < .0005]. Follow-up simple effects showed that striatal GABA was higher than ACC GABA in both the MDD group (p < .0005) and HC (p < .0005) (Table 3; Fig. 1 ). The main effect of region (striatum, ACC) [F(1,33) = 17.67, p < .0005] was also significant, such that GABA was higher in the striatum than in the ACC. The main effect of group (MDD, HC) was not significant [F (1,33) = 3.70, p = .06].
3.6. Post-hoc investigation of regional GABA differences in MDD In order to further examine the relationship between striatal and ACC GABA in youth with MDD, we calculated the Pearson correlation coefficient between GABA levels in these regions. There was a significant negative correlation between striatal GABA and ACC GABA in MDD [r = −0.46, p = .04]. We additionally calculated the difference between individual MDD striatal GABA levels and the mean HC striatal GABA level, as well as the difference between the mean HC ACC GABA level and individual MDD ACC GABA levels. There was a significant positive correlation between these deviations from the average GABA levels in HC [r = 0.46, p = .04; Fig. 2] . Together, these results show that individuals with higher striatal GABA above the mean of the HC also had lower ACC GABA below the mean of the HC. Lastly, ACC GABA was not significantly correlated with anhedonia severity, neither when controlling [r = 0.04 p = .86] nor not controlling [r = 0.17, p = .46] for depression severity (CDRS-R minus the anhedonia item).
Striatal Glx group comparisons and correlations with clinical variables
Striatal Glx levels were not significantly different between groups, either when controlling for age [F(1,33 
Discussion
The aims of the current study were to: 1) examine striatal GABA levels in youth with MDD compared to HC; 2) assess relationships between striatal GABA and clinical symptoms of MDD; and 3) explore regional differences (striatum, ACC) in GABA levels. Contrary to our original hypothesis following our initial observation in the ACC, depressed youth exhibited significantly higher striatal GABA levels than HC. Striatal GABA was not correlated with anhedonia, whether controlling or not controlling for depression severity. No other clinical variables (e.g., anxiety, suicidality) were associated with striatal GABA levels either. Additionally, there were no group differences in striatal Glx or any associations between striatal Glx levels and clinical Abbreviations: CSF = cerebrospinal fluid; GM = gray matter; HC = healthy controls; MDD = major depressive disorder; SD = standard deviation; W = unsuppressed voxel tissue water signal; WM = white matter. ⁎ No significant differences between MDD and HC groups (p < .05).
K.A. Bradley et al. Progress in Neuropsychopharmacology & Biological Psychiatry 86 (2018) 203-210 symptomatology. We also found significant regional differences in GABA levels between the striatum and ACC. Both depressed youth and HC showed higher GABA in the striatum compared to the ACC, but the larger differences were in the depressed group. Moreover, higher striatal GABA above the HC mean were significantly correlated with lower ACC GABA below the HC mean in depressed youth. Furthermore, anhedonia was not correlated with ACC GABA in this small sample. Collectively, these results suggest that higher striatal GABA levels are associated with lower ACC GABA levels in adolescent depression. While neither was independently associated with anhedonia severity in this small sample, we speculate that these regional differences reflect some compensatory function against developing anhedonia in depressed youth, based on a clear negative relationship between anhedonia severity and ACC GABA levels in a much larger sample composed of individuals with more severe anhedonia from our prior work (Gabbay et al., 2017) . However, it is also possible that, like lower ACC GABA, higher striatal GABA might simply be a pathological feature of adolescent depression. These explanations are discussed below.
Elevated striatal GABA in depressed youth
Contrary to our original hypothesis that youth with MDD would exhibit lower striatal GABA than HC, we found higher GABA in this region. Conversely, our previous investigations in depressed adolescents demonstrated lower GABA levels in the ACC, with reductions in this region most prominent in the anhedonic subgroup (Gabbay et al., 2017; Gabbay et al., 2012) . To the best of our knowledge, only one other study has investigated brain GABA levels in an adolescent sample and found that individuals at high familial risk for depression showed no differences in parieto-occipital GABA levels compared to HC (Taylor et al., 2011) . Within the adult literature, findings are mostly consistent, showing lower GABA in both the plasma (Lu et al., 2014; Petty et al., 1990 Petty et al., , 1992 and the CSF (Gerner and Hare, 1981; Kasa et al., 1982 ) of depressed individuals.
1 H MRS investigations in adults similarly show a general trend of lower cortical GABA levels in actively depressed adults (Hasler et al., 2007; Sanacora et al., 1999 Sanacora et al., , 2004 . A recent meta-analysis confirmed this trend and found that brain GABA levels were lower in actively depressed, but not remitted depressed adults, compared to HC (Schur et al., 2016) ; these differences were largely in cortical regions such as the occipital cortex (8 studies), ACC (4 studies), and prefrontal cortex (5 studies). Only one study included in the meta- 
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⁎⁎ Abbreviations: ACC = anterior cingulate cortex; GABA = γ-aminobutyric acid; HC = healthy controls; MDD = major depressive disorder; SD = standard deviation; W = unsuppressed voxel tissue water signal. ⁎ Significant difference between MDD and HC groups (p < .05). ⁎⁎ Approaches significant difference between MDD and HC groups (p < .10). ⁎⁎⁎ Significant difference between striatal and ACC GABA levels (p < .0005). Fig. 1 . ACC and striatal GABA levels. Depressed youth had higher striatal GABA than HC (p = .001). GABA was significantly higher in the striatum than the ACC in both depressed youth (p < .0005) and HC (p < .0005), although this difference was greater in MDD. Fig. 2 . A) Line graphs of individual ACC and striatal GABA levels for all depressed participants. B) Significant correlation between the deviations from the average HC levels for striatal GABA and ACC GABA in depressed youth. Higher striatal GABA above the HC mean was correlated with lower ACC GABA below the HC mean.
analysis examined GABA levels in a subcortical voxel that encompassed portions of the striatum, subgenual cingulate, hippocampus, amygdala, and thalamus (Shaw et al., 2013) . In this study, there were no differences in either subcortical or cortical GABA levels between remitted depressed adults or HC (Shaw et al., 2013) . The differences between the current findings and both the existing pediatric and adult literature may be the result of the specific brain regions examined; most previous investigations have focused on cortical regions, whereas our current study examined the striatum, a subcortical region. In addition, unlike Shaw et al. (2013) , our study assessed actively depressed youth and not remitted adults. Most 1 H MRS investigations of GABA levels in both pediatric and adult samples have been in frontal and occipital cortical regions, no doubt due to the convenience of attaining high quality spectra in these regions. However, our finding of higher subcortical GABA levels is unexpected and exemplifies the importance of examining neurochemical levels across entire functional networks in order to better elucidate the biological mechanisms underlying psychopathology.
GABA and anhedonia severity
Given that anhedonia reflects reward circuitry deficits (Heshmati and Russo, 2015) and the striatum is integral to reward processing (Delgado, 2007) , we speculate that higher GABA levels in this region may be related to anhedonia. While our small sample of depressed adolescents in this current investigation did not demonstrate a significant correlation between striatal GABA levels and anhedonia severity, this lack of a relationship does not necessarily imply that subcortical GABA levels are not related to reward circuitry mediated psychopathology. Our prior two reports on ACC GABA levels in depressed youth demonstrated negative correlations between ACC GABA and anhedonia severity (Gabbay et al., 2012 (Gabbay et al., , 2017 in the MDD group. However, it is important to note that our prior samples in which we detected a correlation between ACC GABA and anhedonia included patients with melancholic depression, which is characterized by severe anhedonia; these melancholic depressed adolescents had the lowest ACC GABA levels (Gabbay et al., 2012 (Gabbay et al., , 2017 . We did not document a correlation between ACC GABA and anhedonia in a smaller sample without these highly anhedonic participants (Gabbay et al., 2017) . This decrease of cortical GABA specifically in melancholic depression has also been documented in adults (Sanacora et al., 2004) , suggesting that this relationship between GABA and anhedonia may be most apparent in samples of highly anhedonic individuals, which we did not have here. Due to fewer participants with high anhedonia and lower power resulting from the smaller sample size of depressed youth (n = 20) compared to our prior report (n = 44; Gabbay et al., 2017) , these relationships between cortical and subcortical GABA levels and anhedonia may not be apparent in the current investigation.
Research has consistently demonstrated interconnected relationships between GABA levels and dopamine release in reward-related subcortical and cortical brain regions (Brambilla et al., 2003; Jones et al., 1988; Miller et al., 2013; Pycock and Horton, 1979; Reid et al., 1988) . The reward circuitry is generally regarded as being comprised of the prefrontal cortex-specifically the orbitofrontal cortex (OFC), ACC, dorsomedial and dorsolateral prefrontal cortex (PFC)-ventral striatum (nucleus accumbens; NAc), dorsal striatum (caudate and putamen), ventral tegmental area (VTA), habenula, amygdala, and hippocampus (Der-Avakian and Markou, 2012; Heshmati and Russo, 2015) . Most commonly, animal studies have shown that GABA activation suppresses dopamine release in both subcortical and cortical reward regions (Brambilla et al., 2003; Jones et al., 1988; Pycock and Horton, 1979; Reid et al., 1988) . One study specifically examined rat reward-seeking behavior in relation to direct VTA GABA neuron activation and found that activation of VTA GABA neurons inhibited reward consumption but not anticipation, presumably due to decreased dopamine release (van Zessen et al., 2012) . In line with this work, one explanation, though controversial, of our current findings is that increased striatal GABA, and possibly the associated striatal glutamate level change, suppresses dopamine release (Avshalumov et al., 2003; Sulzer et al., 2016) , inhibiting the function of the striatum and leading to impaired reward function and anhedonic symptomatology in depressed adolescents. In the current study, youth with the highest striatal GABA also had the lowest ACC GABA, and low cortical GABA has been previously associated with anhedonia (Gabbay et al., 2012 (Gabbay et al., , 2017 Sanacora et al., 2004) . Given this mechanism, higher striatal GABA, like lower ACC GABA, could be a pathological feature of adolescent depression related to impaired reward function.
Alternately, the VTA also has prominent connections to the dorsal striatum and prefrontal cortex, and activation of GABA neurons in these pathways may differentially affect corresponding dopamine levels in these areas (van Zessen et al., 2012) . For example, GABA expression has also been found to increase dopamine release (Brambilla et al., 2003; Garbutt and van Kammen, 1983) in the rat striatum and PFC (Bonanno and Raiteri, 1987) . Due to the strong role of the striatum in reward processing (Delgado, 2007) , it is possible that a higher GABA level in the striatum may increase dopamine release in this important rewardrelated region in order to serve some neuroprotective or compensatory function in response to lower ACC GABA, which, again, has been associated with anhedonia (Gabbay et al., 2012 (Gabbay et al., , 2017 . Importantly, our GABA measurements reflect both the intracellular and extracellular GABA levels combined, which does not allow for the assessment of specific synaptic GABA levels or its receptor function. Thus, we cannot truly delineate the specifics of how striatal and ACC GABA are related to each other and anhedonia in this population. Therefore, the exact mechanisms through which striatal and ACC GABA may be related to reward function in adolescent depression require further investigation.
GABA differences across regions
Lastly, as our entire sample also underwent a separate ACC GABA scan, from which data were previously published (Gabbay et al., 2012 (Gabbay et al., , 2017 , we also aimed to investigate regional differences in GABA levels in youth. To the best of our knowledge, there have been no systematic investigations comparing cortical and subcortical GABA levels using 1 H MRS in young psychiatric samples. We documented a significant group by region interaction such that depressed youth had higher GABA levels in the striatum compared to the ACC. While higher striatal GABA levels were also significant in the HC group, this regional difference in GABA was much larger in the depressed subgroup. Given the inherent difference in GM tissue makeup between the ACC and striatum, regional GM difference was controlled for in these analyses. Overall, the striatum (average GM = 71.50%) had a larger GM% than the ACC (average GM = 58.06%) in our sample. In general, it has been documented that GM tissues contain much higher concentrations of GABA than WM (Choi et al., 2006; Jensen et al., 2005) . Therefore, our finding of higher GABA in the striatum compared to the ACC in both depressed youth and HC is not surprising, given that this region has a higher GM %.
Importantly, since our previous work showed lower ACC GABA levels in an overlapping depressed cohort compared to HC (Gabbay et al., 2012 (Gabbay et al., , 2017 , we also investigated whether lower ACC GABA was correlated with higher striatal GABA in the MDD group. We found that striatal and ACC GABA levels were indeed negatively correlated in MDD. Moreover, in the depressed group, higher striatal GABA above the mean of the HCs was also associated with lower ACC GABA below the mean of the HCs. Together, these results support both the theory that increased striatal GABA and lower ACC GABA are dual pathological features of adolescent depression, as well as our speculation that higher subcortical GABA levels in MDD may arise as a way to compensate for lower levels of ACC GABA and subsequent anhedonic symptomatology in depressed youth.
Limitations
While this is one of the first studies to investigate striatal GABA levels in psychotropic medication-free youth, there are a number of limitations that may affect the results. First, the low concentration of brain GABA requires sampling a relatively large voxel, and while our voxel size was within the standard scope of current 1 H MRS methods at 3 Tesla, partial volume effects from white matter and CSF within the subcortical voxel of interest could confound interpretation. Additionally, despite the limited evidence in literature to support that the concentration of mobile macromolecules in the brain differ in MDD from HC, the GABA peak could have contained up to 50% contribution from mobile macromolecules that co-edit with GABA. Furthermore, while measures of inter-rater reliability could not be conducted for clinical evaluations, such as the KSADS-PL or the CDRS-R, due to the study procedures whereby a single clinician performed the evaluations, these assessments were done by a board-certified child/adolescent psychiatrist or licensed clinical psychologist trained in administering these assessments under our laboratory's standard protocol, and the clinical reports were reviewed by a licensed child and adolescent psychiatrist specializing in pediatric depression. Lastly, the small sample size is not ideal to make findings generalizable to the broader population of depressed youth and may have limited our ability to investigate relationships between GABA levels and clinical symptomatology. Thus, additional studies conducted in larger samples of primarily anhedonic adolescents are also needed to fully understand the complex relationships between GABA in the striatum and ACC in depressed youth.
Conclusion
This study is the first investigation of subcortical GABA levels in a sample of depressed, psychotropic medication-free youth. We unexpectedly found higher striatal GABA levels in depressed youth, with no specific correlations between subcortical GABA levels and clinical symptomatology. Additionally, we found regional GABA differences such that higher striatal GABA was associated with lower ACC GABA in depressed youth. Together, the current results suggest opposite abnormalities in GABA neurotransmission between cortical and subcortical reward-related brain regions in adolescent depression, which highlights the complexity of GABA neurotransmission in this population. Further work is necessary to investigate the mechanisms underlying region-specific GABAergic dysfunction within the reward circuitry of depressed youth.
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